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COVID-19 pandemic has resulted in an unprecedented global public health crisis. It is obvious that SARS-CoV-2
vaccine is needed to control the global COVID-19 public health crisis. Since obvious advantages including fast
manufacturing speed, potent immunogenicity and good safety profile, six mRNA vaccines have been used to
prevent SARS-CoV-2 infections in clinic with lipid nanoparticles (LNP) formulation via intramuscular injection.
In this work, we first constructed RBD-encoding mRNA (RBD-mRNA) formulated in liposomes (LPX/RBD-mRNA)
and investigated the influence of administration routes on the immunogenicity. LPX/RBD-mRNA can express
RBD in vivo and successfully induced SARS-CoV-2 RBD specific antibodies in the vaccinated mice, which effi-
ciently neutralized SARS-CoV-2 pseudotyped virus. Moreover, the administration routes were found to affect the
virus neutralizing capacity of sera derived from the immunized mice and the types (Th1l-type and Th2-type) of
cellular immune responses. This study indicated that liposome-based RBD-mRNA vaccine with optimal admin-

istration route might be a potential candidate against SARS-CoV-2 infection with good efficacy and safety.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
extended throughout the world at the speed of exponential [1]. And it
has resulted in an unprecedented global public health crisis that was
declared “the coronavirus disease 2019 (COVID-19) pandemic” by the
World Health Organization (WHO) [2]. The emergency shutdown of
public life in many countries has caused unparalleled social and eco-
nomic grief [3]. Since it happened nearly one year ago, the virus evil has
infected over 70 million innocent people and killed about 1.6 million
people in the whole world (https://covid19.who.int/). It is obvious that
there is an urgent need for intervention before it is too late, especially
advantageous treatments or vaccines against the COVID-19 pandemic
[4].

As a novel beta-coronavirus, SARS-CoV-2 shares 79% genome
sequence identity with SARS-CoV and 50% with MERS-CoV [5,6]. The
six functional open reading frames (ORFs) of genome organization are
arranged in replicase (ORF1a/ORF1b), spike (S), envelope (E), mem-
brane (M), and nucleocapsid (N) [7,8]. Together with the other two
highly pathogenic human coronaviruses, SARS-CoV and MERS-CoV,
SARS-CoV-2 invades host cells by binding to its receptor [9],
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angiotensin-converting enzyme 2 (ACE2), through the receptor-binding
domain (RBD) of S protein [10]. Based on our knowledge of the infection
mechanism of SARS-CoV-2, utilizing RBD as immunogen to induce
specific antibodies may block this recognition and prevent the invasion
efficiently [11]. Recent studies also demonstrated that the use of RBD to
produce neutralizing antibodies may reduce the risk of antibody-
dependent enhancement (ADE) of infection [12].

Messenger RNA (mRNA)-based vaccines have been used to prevent
viral infections with obvious advantages including fast manufacturing
speed, potent immunogenic, and good safety profile [13,14]. Six mRNA
vaccines formulated in lipid nanoparticles (LNP) against COVID-19 have
been in clinical trials or granted a conditional marketing authorization
[15,16]. However, all of these mRNA vaccines were formulated in LNP
and administrated by intramuscular injection [17]. Other formulations
like liposome (LP) and mode of administration have not been evaluated
in the limited timeframe. On the other hand, their effectiveness and
safety have not yet been proven completely [18]. Therefore, we devel-
oped RBD-encoding mRNA (RBD-mRNA) formulated in liposomes and
investigated the influence of routes of administration on the immuno-
genicity. The LP-formulated mRNA vaccine was finally found to have
good immunogenicity in mice treated by multiple routes of

Received 25 January 2021; Received in revised form 1 May 2021; Accepted 19 May 2021

Available online 21 May 2021
0168-3659/© 2021 Published by Elsevier B.V.


https://covid19.who.int/
mailto:xiangrong_11@126.com
www.sciencedirect.com/science/journal/01683659
https://www.elsevier.com/locate/jconrel
https://doi.org/10.1016/j.jconrel.2021.05.024
https://doi.org/10.1016/j.jconrel.2021.05.024
https://doi.org/10.1016/j.jconrel.2021.05.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2021.05.024&domain=pdf

H. Huang et al.

administration and protected host cells from SARS-CoV-2 pseudovirus
infection, which supports further research for clinical development in
humans.

2. Materials and methods
2.1. Materials

1,2-dioleoyloxy-3-(trimethylammonium)propane (DOTAP) chloride
and cholesterol were purchased from A.V.T. Pharmaceutical Co., Ltd. T7
mScript™ Standard mRNA Production System was obtained from
CELLSCRIPT. All the plasmid templates were provided by Convenience
Biology. Restriction enzyme was supplied from New England Biolabs.
Luciferase substrate was purchased from BioVision. Dulbecco's Modified
Eagle's medium (DMEM), trypsin-EDTA, 1% penicillin-streptomycin (P/
S) and fetal bovine serum (FBS) were obtained from Gibco. HEK293T
cell line, derived from human embryonic kidney 293 cells, was pur-
chased from American Type Culture Collection (ATCC). Human ACE2-
overexpressing cells (HEK293T-hACE2), created by transducing
HEK293T cells with lentiviral vector expressing ACE2, were provided
sincerely by Prof. Guangwen Lu and Aiping Tong in our lab. The
immortalized murine dendritic cells (DC2.4 cells) were kindly provided
by Prof. Xun Sun from West China School of Pharmacy, Sichuan Uni-
versity (Chengdu, China). Recombinant SARS-CoV-2 spike RBD-His
protein was obtained from Navoprotein. HRP-conjugated anti-mouse
IgG, IgM, IgGl, and IgG2a were purchased from Abcam. RNase-free
water was prepared using a Milli-Q Synthesis System. All other sol-
vents and reagents were used as received.

2.2. Cell culture

HEK293T, HEK293T-hACE2 and DC2.4 cells were maintained in
DMEM containing 10% FBS (v/v) and 1% P/S (v/v) in a humidified
atmosphere containing 5% CO5 at 37 °C.

2.3. Animals

C57BL/6 male mice (8 weeks old) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd.. All animals received care
in compliance with the guidelines outlined in the Guide for the Care and
Use of Laboratory Animals. The procedures on animals were approved
by the ‘Animal Care and Use Committee’ of Sichuan University.

2.4. mRNA synthesis

SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank MN908947.3) was used
as the reference amino acid sequence alignment of RBD. The mRNA was
produced in vitro using T7 RNA polymerase-mediated transcription from
a linearized DNA template containing the optimal codons of RBD region
and the untranslated regions [19].

2.5. Encapsulation of mRNA into LP

The liposomes were prepared using a modified thin-film dispersion
method [20]. DOTAP chloride and cholesterol were dissolved in ethanol
with the molar ratio of 1:1. The organic solvents were subsequently
removed using a rotary evaporator to produce a thin film of lipid at
37 °C. The lipid film was hydrated with 4 mL RNase-free water for 1 h at
60 °C. The final LP preparation was acquired after the above suspension
was sonicated for 3 min at 100 W in an ice bath and filtered through a
0.22 pm syringe filter. The LP was mixed with mRNA at an N/P ratio of
3:1 to form mRNA encapsulated liposome (LPX). LPX was supplemented
with glucose to form an isotonic solution before use.
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2.6. Determination of particle size and size distribution

The size distribution of LPX in 5% glucose solution was measured by
a Malvern Zetasizer Nano ZS90 with a He—Ne laser (633 nm) at 90°
collecting optics. The data were analyzed by Malvern Dispersion Tech-
nology Program 7.13.

2.7. Storage stability

LPX/RBD-mRNA containing 10% sucrose was stored at 4, —20 and
-80 °C with multipartite for about one month. On day 0, 1, 8, 13 and 36,
samples under different Storage conditions were thawed at room tem-
perature. The size distribution of LPX was measured by DLS.

2.8. RBD-mRNA expression in vitro

For western blotting analysis, HEK293T cells were seeded in 24-well
plates at 2 x 10° cells/well. After 12 h incubation, the cells were
transfected with RBD-mRNA (2 pg/mlL) using Lipofectamine 2000
Transfection Reagent (Thermo Fisher Scientific). 24 h later, the cells
were collected and then lysed in RIPA lysis buffer. The expression of RBD
protein was then detected by western blotting.

For flow cytometry analysis, HEK293T and DC2.4 cells were seeded
in 24-well plates at 2 x 10> cells/well. After 12 h incubation, the cells
were transfected with RBD-EGFP-mRNA encoding EGFP-tag fused RBD
at C-terminal (2 pg/mL) using LPX. 24 h later, the cells were collected
and then analyzed by flow cytometry.

For enzyme-linked immunosorbent assay (ELISA) analysis, HEK293T
cells were seeded in 24-well plates at 2 x 10° cells/well. After 12 h in-
cubation, the cells were transfected with RBD-mRNA-loaded LP (LPX/
RBD-mRNA) at a dose of 2 pg/mL mRNA. 12 and 24 h later, the cells and
supernatant were collected. The cells were lysed with ultrasonication.
The cell lysate and supernatant were clarified by centrifugation at
13000 rpm and then analyzed by SARS-CoV-2 spike RBD ELISA kit (Sino
Biological) according to the product specification.

2.9. RBD-mRNA expression in vivo

For the analysis of RBD-mRNA expression in major tissue organs,
C57BL/6 male mice were intravenously administered with LPX/RBD-
mRNA, LPX encapsulating firefly luciferase reporter-encoding mRNA
(FLuc-mRNA), via tail vein at a dose of 30 pg mRNA per mouse. 6 h later,
the mice were injected intraperitoneally (i.p.) with luciferase substrate.
15 min later, all the mice were sacrificed and the liver, spleen, lung, and
kidney were excised. Fluorescence signals were collected by In Vivo
Imaging System (IVIS) Spectrum instrument (PerkinElmer) for 60 s.

For the detection of mRNA-translated RBD secreted into blood,
C57BL/6 male mice were administered with LPX/RBD-mRNA via
different routes of administration at a dose of 30 pg mRNA per mouse.
After predetermined time point 0.5, 1, 2, 3 and 4 days, 200 pL of blood
samples were collected from the retro-orbital plexus of mice. The blood
was then centrifuged at 4 °C (3000 g, 10 min) to collect the sera. The
content of the RBD protein in sera was measured with SARS-CoV-2 spike
RBD ELISA kit (Sino Biological) according to the product specification.

2.10. Vaccination in mice

C57BL/6 mice were randomly divided into six groups. 30 pg mRNA/
150 pL of LPX/RBD-mRNA was administered to mice on day 0, day 10,
and day 20 by intravenous (i.v.), intramuscular (i.m.), hypodermic (i.h.),
intradermal (i.d.), or intraperitoneal (i.p.) injection, respectively. Spe-
cifically, i.v. and i.m. injections were administered in the lateral tail vein
and the right caudal thigh muscles, respectively. The i.h. and id. in-
jections were performed in the neck of the mice and the dermis of skin
on the mouse back, which is located between the epidermis and the
hypodermis. The ip. injection was made in the lower right quadrant of
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Fig. 1. Preparation and characterization of RBD-mRNA loaded liposome (LPX/RBD-mRNA). (A) Schematic of the RBD-mRNA construct. (B) Sketch map of the
preparation of LPX/RBD-mRNA by a thin-film dispersion method. (C) The size distribution of LPX/RBD-mRNA measured by DLS. (D) Typical TEM image of LPX/

RBD-mRNA (scale bar 100 nm).

the mouse's abdomen. Blood samples were collected by a sterile capil-
lary from eye sockets on day 15 and day 30. After centrifuged at 5000 g
for 15 min at 4 °C, sera samples were acquired and heated at 56 °C for
30 min for further use.

2.11. Antibody detection

Epitope-specific antibody titers were detected by a semi-quantitative
enzyme-linked immunosorbent assay (ELISA). Briefly, recombinant
SARS-CoV-2 RBD protein was coated on 96-well assay plate (High
Binding polystyrene, Corning) with a final concentration of 2.0 pg/mL.
After incubated overnight at 4 °C, plates were blocked with 2% Bull
Serum Albumin (BSA) for 4 h at room temperature and washed three
times with washing buffer. Subsequently, serial dilutions of the sera
samples were added and incubated overnight at 4 °C. After washed five
times with washing buffer, HPR-conjugated goat anti-mouse IgG
(1:50000 dilution), IgM (1:50000 dilution), IgG1 (1:100000 dilution),
and IgG2a (1:2000 dilution) were added to the plate and incubated for 2
h at 37 °C. The trimethyl borane (TMB) solution (Solarbio) was then
added and the plates were incubated for 30 min without light. Finally, 2
M HSO4 was applied to stop the reactions, and the following mea-
surement was performed on an ELISA reader at 450 nm.

2.12. Pseudovirus-based neutralization assay

HEK293T-hACE2 cells were seeded in 96-well plates at 2 x 10 cells/

well and incubated for 24 h. Serial 3-fold diluted sera with DMEM,
starting at 1:50, were incubated with SARS-CoV-2 pseudovirus (Gene-
wiz) at a final concentration of 2 x 10° TU/mL for 1 h at 37 °C and then
used to treat HEK293T-hACE2 cells. After another incubation for 48 h,
the cells were collected for Green Fluorescent Proteins (GFP) positive
rate analysis using flow cytometry. The virus control wells were only
treated by SARS-CoV-2 pseudovirus without pre-incubation with any
serum at the same concentration. The 50% neutralization titer (NTsq)
was defined as the serum dilution at which the GFP positive rates were
reduced by 50% compared with the virus control wells.

2.13. Toxicity assay

Male C57BL/6 mice were treated with 30 pg mRNA/150 pL of LPX/
RBD-mRNA by different injection routes. The blood was drawn and
serum was used for cytokine analysis 12 h post-injection. All the mice
were then sacrificed 14 days after boost vaccination. The heart, liver,
spleen, lung and kidney were collected. Tissues were finally sectioned
and stained with H&E. All slides images were taken by an Olympus BX
43 fluorescence microscope (Olympus Corp, Tokyo, Japan).

2.14. Statistical analysis
Statistical analyses were performed using GraphPad Prism 8.01

software. One-way analysis of variance (ANOVA) was used to assess the
significance of differences among groups. The significance was defined
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Fig. 2. The time dependent size variation of LPX/RBD-mRNA stored under different conditions.
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as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
3. Results

3.1. Preparation and characterization of LPX/RBD-mRNA

Based on the sequence information of SARS-CoV-2 isolate Wuhan-
Hu-1, we generated RBD as the model target antigen from amino acids
319-541 of SARS-CoV-2 spike protein [21]. We designed RBD-mRNA
with a type 1 (N7"GpppG™) cap, optimal 5 and 3’ untranslated se-
quences, a secretion signal sequence, and a poly(A) tail (Fig. 1A). LP was
prepared using a classical thin-film dispersion method [20]. RBD-mRNA
was mixed with LP to form LPX/RBD-mRNA (Fig. 1B). Dynamic light
scattering (DLS) measurement showed that the average hydrodynamic
diameter of the LPX was 74.2 + 0.8 nm with a narrow distribution (PDI
= 0.22 £+ 0.03) (Fig. 1C). Meanwhile, the zeta potential was about 40
mV. The typical morphology of LPX/RBD-mRNA was analyzed using
transmission electron microscopy (TEM), which showed that the parti-
cles were nearly spherical in size about 50-150 nm (Fig. 1D).

The time dependent DLS measurement indicated that the particle
sizes and PDI were not changed over about one month (Fig. 2), sug-
gesting the good stability of LPX/RBD-mRNA stored under different
conditions.

3.2. RBD-mRNA expression

To verify the structure of RBD-mRNA, we transfected HEK293T cells
with RBD-mRNA using the commercial transfection reagent and detec-
ted RBD protein with western blotting. As shown in Fig. 3A, RBD-mRNA
can be successfully translated into RBD protein. Next, we evaluated the
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in vitro delivery capability of LP for mRNA in HEK293T and DC2.4 cell
lines using RBD-EGFP-mRNA. The flow cytometry analysis showed that
the two cell lines can efficiently express EGFP after treated by LPX/RBD-
EGFP-mRNA. The EGFP™ cells were up to 32.0% and 9.5% in HEK293T
and DC2.4 cells (Fig. 3B), respectively. Furthermore, ELISA analysis was
carried out to test the RBD expression in 293T cells treated by LPX/RBD-
mRNA. Fig. 3C demonstrated that RBD was translated high-efficiently
and can also be secreted outside the cells.

3.3. LPX translation and tissue distribution in vivo

To visualize the translation and tissue distribution in vivo of the LPX
formulation, we prepared LPX/FLuc-mRNA and injected it to C57BL/6
mice via intravenous administration. 6 h later, a robust expression of
FLuc-mRNA was observed in the lung and a low expression in the spleen,
whereas no signal was detected in other tissues (Fig. 4A). Next, we
evaluated the secretion of RBD protein into sera of C57BL/6 mice treated
by LPX/RBD-mRNA via five different injection routes (i.v., im., i.h., i.d.
and i.p). As seen in Fig. 4B, the RBD protein was detected in the sera of
mice after 12 h (day 0.5) of treatment by i.v., i.h., i.d. and i.p. LPX/RBD-
mRNA rather than im. LPX/RBD-mRNA. While the RBD protein was
found in the sera of all the mice except those treated by i.p. LPX/RBD-
mRNA after 24 h (day 1) of treatment. There were almost no RBD pro-
teins found in the sera at day 2, day 3 and day 4 in all the groups.

3.4. Evaluation of immunogenicity and efficacy of LPX/RBD-mRNA in
mice

The immune responses induced by LPX/RBD-mRNA were tested in
C57BL/6 mice inoculated via five different injection routes (i.v., im., i.h.,
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Fig. 6. IgG1l and IgG2a levels in C57BL/6 mice vaccinated with LPX/RBD-
mRNA via different injection routes (n = 6). The IgG subtypes in serum on
day 30 were determined by ELISA. Statistical analyses were performed using
GraphPad Prism 8.01 software. One-way analysis of variance (ANOVA) was
used to assess the significance of differences among groups.

id. and ip) with 30 pg of RBD-mRNA. These mice were administrated
LPX/RBD-mRNA on day 0, day 10, and day 20. And serum samples were
collected to detect RBD-specific antibodies on day 15 and day 30
(Fig. 5A). After twice immunizations, SARS-CoV-2 RBD-specific IgG and
IgM antibodies with 50% endpoint dilution titers approached about 1/
1000 on day 15 and day 30 (Fig. 5B-E).

3.5. IgG subtypes determination

IgG1 antibody is a marker for Th2-biased immune response, whereas
IgG2a antibodies indicate a favorable Thl-biased immune response in
mice [22]. IgG subtype-specific ELISA was performed with the sera
collected on day 30 (Fig. 6). There was no significant difference of IgG
subtypes between the i.v. and im. administration, while higher IgG2a

Fig. 7. SARS-CoV-2 pseudovirus neutralization. The NTs, titers of the sera on
day 30 were determined using SARS-CoV-2 pseudovirus infection. Statistical
analyses were performed using GraphPad Prism 8.01 software. One-way anal-
ysis of variance (ANOVA) was used to assess the significance of differences
among groups.

responses than IgG1 was induced by the other three injection routes (i.h.,
id. and ip.).

3.6. Pseudovirus neutralization

The SARS-CoV-2 neutralization assay was performed using pseudo-
virus. The immune sera from the vaccinated mice were tested for the
neutralizing activity against SARS-CoV-2 pseudovirus in HEK293T-
hACE2 cells. After three immunizations, the sera on day 30 were used
to test the pseudovirus neutralization. As seen in Fig. 7, similar NTsg
titers (about 1/100 to 1/200) were approached in the four groups (i.v., i.
h.,i.d and ip.), while a relatively lower NTs titer (1/30) was found in
mice with i.m. administration.

453



H. Huang et al. Journal of Controlled Release 335 (2021) 449-456

25004 Eotaxin 251 GRO-a 125- IP-10
2000+ I 20+ n i I 100 n i I
. A Yiv N Yiv
L] n *

-1 15007 o4 v — 151 L] — 75 L]
£ " £ L] M £ u *
=3 > v =3 v
a a a

1000+ 101 50-

L]
5004 5 25
L] L]
Control  i.v. im. i.h. id. ip. Control  i.v. im. i.h. id. ip. Control  i.v. im. ih. id. ip.
60007 RANTES 301 MCP-1

5000 _'I‘_ 251 i

4000+ . 201 .
- *Th Y .
3000 v 15 e
» K-
20001 | o 10{ 1%
10001 51
0 . . . . 0 .
ih.

Control iv. im. ih.  id.  ip. Control iv.  im. id ip.

pg/mL
pg/mL

Fig. 8. Immune tolerability of LPX/RBD-mRNA in the treated mice. The serum concentrations of cytokines including eotaxin, GRO-a, IP-10, RANTES, and MCP-1
were measured by ELISA 12 h after a single administration of 30 pg LPX/RBD-mRNA (n = 3 per group).

Heart Liver

Control

iVv.

i.h.

id.

ip.

Fig. 9. H&E analyses of major organs after boost vaccination with 30 pg LPX/RBD-mRNA (scale bar 200 pm).

454



H. Huang et al.
3.7. Toxicity assay

The immune tolerability of LPX/RBD-mRNA were tested in C57BL/6
mice inoculated via five different injection routes (i.v., im., ih., i.d. and i
p) with 30 ug of RBD-mRNA. Changes of eotaxin, GRO-a, IP-10, RANTES
and MCP-1 were detected 12 h after administration. All the groups
presented increase in these immune function indexes (Fig. 8). The ip.
administration group induced the lowest systemic cytokine production.
Interestingly, the iv. administration group induced a lower increase
than i.m. administration group.

After boost vaccination, all the mice were sacrificed and the major
organs were excised and examined via H&E staining (Fig. 9). The results
showed that there were no obvious histopathologic differences in the
main organs between the control and LPX/RBD-mRNA treatment
groups. These data demonstrated that the LPX/RBD-mRNA would not
cause systemic toxicity.

4. Discussion

SARS-CoV-2 vaccines seem helpful to control the global COVID-19
public health crisis [23]. In this study, we provided insights into RBD-
mRNA encapsulated liposome to fight against SARS-CoV-2 infection
and characterized its immunogenicity in different modes of adminis-
tration. To our best knowledge, LPX/mRNA vaccines are the first
example to accomplish this aim. We observed that LPX/RBD-mRNA
immunization induced RBD-specific IgG antibodies in mice, which
were able to efficiently neutralize SARS-CoV-2 pseudotyped virus. Thus,
this liposome-based mRNA vaccine is worthy of being further investi-
gated in non-human primates to evaluate the protection efficacy against
the wild-type SARS-CoV-2 virus in the Biosafety Level 3 Laboratory
(BSL-3).

mRNA vaccines have not yet produced any formally registered new
drug although two COVID-19 mRNA vaccines have been approved for
emergency use [24]. All the six COVID-19 mRNA vaccines in clinic are
delivered via LNP and administrated via im. injection [17]. mRNA
vaccines are a relatively neonatal field [25]. More mRNA delivery sys-
tems need to be further researched and developed [26]. Safety and ef-
ficacy of mRNA-liposomal formulations have been designed and showed
promise for cancer immunotherapy and infectious diseases [27].
Although i.m. administration is the most commonly used route for pre-
ventive vaccines, i.h. administration also is explored for several new
vaccines under development [28,29]. In this study, LPX/RBD-mRNA
vaccine was systemically investigated via various routes of administra-
tion (iv., im., i.h., id. and ip.). The administration routes showed a
slight influence on the concentration of RBD secreted into sera in mice as
shown in Fig. 3B. Moreover, the i.d. administration can rapidly induce
the specific IgM compared to i.v. and i.m. vaccination routes in the early
stage of immunization according to the data determined on day 15
(Fig. 5D). Nevertheless, LPX/RBD-mRNA vaccination with five different
administration induced strong immune response with SARS-CoV-2 RBD-
specific IgG and IgM antibodies at similar levels. However, i.d. admin-
istration achieved stronger efficacy on the SARS-CoV-2 pseudovirus
neutralization than im. injection route. These data indicated that the
administration route of mRNA vaccine might influence the final efficacy
of the preventative vaccines. The im. administration has been used in
the two COVID-19 mRNA vaccines approved for emergency use (mRNA-
1273 and BNT162b2). The immune tolerability assay indicated that i.m.
administration group have the highest increase on some immune func-
tion index (Fig. 8), while i.p. administration induced the lowest systemic
cytokine production. Even the i.v. administration group induced a lower
increase than i.m. administration group.

Avoiding induction of non-neutralizing antibody and Th2-biased
cellular immune responses are important factors for secure SARS-CoV-
2 vaccine [30]. mRNA vaccines can efficiently induce key regulators
of the Tth cell program and influence the functional properties of Tth
cells [31]. Th2-biased cellular immune responses have been associated
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with the enhancement of lung disease following infection [30].
Compared with the full-length S protein, RBD antigen may induce fewer
non-neutralizing antibodies, lowering the risk of potential ADE of SARS-
CoV-2 infection [12]. In this study, we found that the administration
routes would affect the IgG subtypes (Fig. 6). The three injection routes
(ih., id and ip.) prefer to induce Thl-biased immune responses.
Therefore, it's necessary to screen the optimal administration route of
mRNA vaccines in order to achieve good preventive efficacy and safety.

5. Conclusion

In summary, we reported a SARS-CoV-2 RBD-mRNA encapsulated
liposome to fight against SARS-CoV-2 infection for the first time. The
immunogenicity was systemically characterized in different modes of
administrations. LPX/RBD-mRNA immunizations induced SARS-CoV-2
RBD specific antibodies in mice vaccinated by 3 doses, which were
able to efficiently neutralize SARS-CoV-2 pseudotyped virus. We also
observed that the administration routes of LPX/RBD-mRNA vaccine
influenced the virus neutralizing capacity of sera and the types (Thl-
type and Th2-type) of cellular immune responses. Eventually, our
investigation indicated that liposome-based mRNA vaccine is a potential
and promising candidate for SARS-CoV-2 vaccines and that the rational
design for administration route might be essential to mRNA vaccines in
the prevention of infectious diseases.
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